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ABSTRACT

We report the discovery of a new X-ray pulsar, XTE J1810-197, that was serendipitously discovered on 2003
July 15 by theRossi X-ray Timing Explorer (RXTH)hile observing the soft gamma repeater SGR 1806-20. The
pulsar has a 5.54 s spin-period and a soft X-ray spectrum (photon #digx We detect the source in earlier
RXTEobservations back to 2003 January. These show that a transient outburst began between 2002 November 17
and 2003 January 23 and that the pulsar has been spinning down since then with a Higs @@ s st and
no evidence for Doppler shifts due to a binary companion. No SGR-like bursts were detected from the source.
The rapid spin-down rate and slow spin-period imply a super-critical characteristic magneti&$iéle 10* G
and a young age < 7600yr. Follow-upChandraobservations provided an accurate position of the source within
its error radius the 1.5 rRussian-Turkisl©Optical Telescop®&TT150found a limiting magnitudéx, = 21.5. All
these properties are strikingly similar to those of anomalous X-ray pulsars and soft gamma repeaters, providing
strong evidence that the source is a new magnetar. ArcABalAandROSATobservations show a point source
consistent with XTE J1810-197 but nearly two orders of magnitude fainter. This makes XTE J1810-197 the
first confirmed transient magnetar and suggests that other neutron stars sharing the properties of XTE J1810-197
during its inactive phase may be unidentified transient magnetars awaiting detection via a similar activity.

Subject headingsPulsar: Individual (XTE J1810-197) — Stars: Magnetic Fields — Stars: Neutron — Stars:
Magnetar — X-Rays: Bursts

1. INTRODUCTION line features that are consistent with proton cyclotron resonance
in B~ 10 G field (Ibrahim et al. 2002; Ibrahim, Swank &
arke 2003). Until recently only SGRs were observed to burst.
he recent bursting activity from two AXPs has unified the two
amilies of objects in the magnetar framework and made them
less differentiated (Gauvriil, Kaspi & Woods 2002; Kaspi et al.
2003).

Here we present the discovery of a new transient X-ray pul-
sar whose properties are remarkably consistent with those o
AXPs and SGRs. We discuss the implications of this finding
to our understanding of the characteristics and population of
magnetars.

Among several hundred X-ray pulsars known to date, a dozen
objects are quite distinct and least understood. These are th
soft gamma repeaters (SGRs) and anomalous X-ray pulsar§
(AXPs). They rotate relatively slowly with spin periods in
the narrow rang® ~ 5-12 s and spin-down rather rapidly at
P~ 10 s s, Both are radio-quiet, persistent X-ray sources
(L ~ 10°*-10%8 erg s1) with the unique property of sporadic
emission of short£ 0.1 s), super-brightl{peax > Lepp) bursts
of X-rays and softy-rays. No evidence has been found for a
binary companion or a remnant accretion disk to power their
emission, although it is more than an order of magnitude higher
than can be provided by their rotational energy. Nine sources 2. OBSERVATIONS AND RESULTS
are currently firmly identified, including four SGRs and and
five AXPs (See Hurley 2000 and Mereghetti et al. 2002). Four 2.1. ANew X-ray Pulsar Near SGR 1806-20
more candidates need confirmation. Following the Interplanetary Network (IPNYyeport of re-

The magnetar model provides a coherent picture in which newed burst activity from SGR 1806—20 on 2003 July 14 (Hur-
SGRs and AXPs radiation is powered by a decaying super-ley et al. 2003), we observed the source on July 15 with the
critical magnetic field, in excess of the quantum critical field Proportional Counter Array (PCA) onboaRXTE PCA data
B. = 4.4 x 1012 G (Duncan & Thompson 1992; Thompson & in the event-mode configuratidh 125US_64M_0_1S were
Duncan 1995). Evidence for magnetars has come from the en-collected from all layers of the operating PCUs (0, 2 & 3) in
ergetic burst emission (Paczynski 1992; Hurley et al. 1999; the 2—-8 keV band, corrected to the solar system barycenter
Ibrahim et al 2001), the long spin-period and high spin-down and binned in 0.125 s intervals. A strong periodic signal with
rate (Kouveliotou et al. 1998; 1999; Vasisht & Gotthelf 1997), a barycentric period of 5.540(2) s at a chance probability of
and the lack of binary companion or accretion disks (Kaplan 2.5 x 1072 was clearly identified in the first observation, which
et al. 2001). Further evidence has recently come from spectrallasted for only 2.6 ks (Ibrahim et al. 2003; see Fig. 1). The

large discrepancy between this pulse period and the expecte
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7.5 s pulse period of SGR 1806-20 implied the presence of aal. (2003b). Recently, Israel et al. (2003) reported a likely IR
new X-ray pulsar in the PCA° .2 field of view. counterpart withKs = 20.8 andFx /Fr > 10°.
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FIG. 1.— Fast Fourier Transform power spectrum of RETEPCA July 15 FiG. 2.—The PCA field of view during the SGR 1806-20 pointed observa-

observation of the field of view of SGR 1806—20 showing a highly significant ~ tion, showing the neighborhood of SGR 1806-20, including XTE J1810-197,
periodic signal a0.18052(6)Hz. The inset shows the epoch folded pulse the supernova remnant G11.2-0.3 that contains the 65 ms pulsar PSR J1811-

profile in 10 phase bins. Errors in the frequency and period correspond to the 1925, and the potential SGR 1808-20 (Lamb et al. 2003). The positions of
3o confidence level. Note that the 0.13 Hz signal due to SGR 1806—20 XTE J1810-197 from the PCA scan and HRC observations are indicated. Also

is not detected here, indicating a low pulsed flux. Subsequent observations Shown is the8o PCA error contour, with semi-major axes of 5ad 10.
confirmed this.

2.3. Long Term Light Curve: A Transient Source
2.2. Source Position and Optical Counterpart XTE J1810-197 appeared consistent with a previously

A PCA scanning observation was performed on July 18, fol- unidentified source that had been present in the PCA monitor-
lowing a path that covered a region surrounding SGR 1806-ing program of the galactic bulge region since 2003 February. A
20. During scans, the count rates due to individual sources areregion of approximately 250 square degrees around the galacti
modulated by the response of the PCA collimator. The result- center has been scanned by the PCA twice weekly since 199
ing light curves are corrected for internal background (using February, except for several months per year, when sun anc
the “CM” L7 background model), and are fitted to a model of operation constraints interfere. The scan pattern is a zig-zac
known and unknown sources, convolved with the collimator re- which alternates semi-weekly between primarily north-south
sponse. For unknown sources, a trial position is assumed andand east-west. XTE J1810-197 is covered in the north-soutt
adjusted until the best fit is achieved. The sources included inscans only. At the end points of each scan the PCA dwells for
this fit were the new source, SGR 1806-20, the galactic ridge,~ 150 seconds, and XTE J1810-197 is near the center of the
and an overall diffuse level. The uncertain spatial distribution of PCA field of view of one of these points. Re-examining the
the galactic ridge emission in the field of view was modeled as data during these brief points revealed the pulsations, which
an unresolved ridge &° latitude. The best fit position argb confirmed the identification of the source.
contour obtained for the position of the new source, designated Fig. 3 shows the 2002—-2003 light curve of XTE J1810-197
XTE J1810-197, are shown in Fig. 2 (Markwardt, Ibrahim & from the bulge scan measurements, when fixed aCtiendra
Swank 2003). position. The scans are the only set of PCA observations tha

Two follow-up Chandraobservations with the High Resolu- can consistently resolve the contributions of the source anc
tion Camera (HRC) on August 27 and November 1 localized the diffuse background. Clearly XTE J1810-197 became active
source precisely tex = 18'09"515.08 and § = -19°4351//74 sometime between 2002 November and 2003 February. The

(J2000), with an error circle radius of’8 (Gotthelf et al. distribution of 1999-2002 pre-outburst fluxes allow us to place
2003a; 2003b; Israel et al. 2003). Pulsations in the HRC dataa 3o upper limit on previous outbursts ef 2 ct/s/PCU or 1
definitively identified the source. The HRC position i$ frém mCrab (2-10 keV) from the baseline level, as long as the out-

the best fit PCA position. Typically, accuracies of 12ave burst did not fall in an observing gap (the maximum gap was 3
been obtained in past scans for bright sources. The presence ahonths).
the diffuse galactic ridge and other, un-modeled, faint sources The flux decay can be fitted to power-law or exponential
in the field of view — in particular SNR G11.2-0.3 —resulted models. For the exponential model, the e-folding time is
in large systematic errors, for which a priori estimates were dif- 269+ 25 days. The power-law model has the potential of re-
ficult. trieving the epoch at which the outburst began. Assuming the
We observed the fir&€handraHRC error box with the 1.5  flux is proportional to((T — To)/(52700-Tp)) ™, at timeT and
m Russian-TurkishTelescopeRT T150 (Antalya, Turkey) on with outburst timeTy in MJD, 5 = 0.45-0.73 were acceptable
2003 September 3 and 6. Optical Cousins R filter images of (1), with 52580< Ty < 5264Q that is, 2002 November 2 to
the field around the source were obtained using the ANDOR 2003 January 1. Additional information came from observa-
CCD (2048x 2048pixels,0.24" pixel scale an®' x 8 Field of tions of the nearby PSR J1811-1925 that had XTE J1810-19°
View) with 15 min exposure times (3 frames). Seeing was about in the field of view (Obsids 70091-01, 80091-01). An observa-
2"”. We did not detect a counterpart to a limiting magnitude tion on 2002 November 17 (MJD 52595) showed that the pul-
of 21.5 @o level) in theR; band, comparable to the limits in  sations were not detected, while they were by 2003 January 2:
V(22.5), 1(21.3), J(18.9), andK(17.5) obtained by Gotthelf et  (MJD 52662).
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o[ R A Folded light curves were extracted (2-7 keV; top PCU layers)
7 CU LTI e based on a trial folding period. A sinusoidal profile fit well,
I8 | e o and was used to estimate the pulse times of arrival (TOAS) anc
ot ] uncertainties. By using a combination of all data sets we were
g o - able to extend a phase connected solution through the complet
<t 1 time span. While we attempted several models, a polynomial is
s . e sean ] commonly used.
e L[ ] TABLE 1
! L 4
“ 0 }[ J{ J{ H}[ MM B POLYNOMIAL SPIN PARAMETERS
AN .2 T —
,H | ‘H H Wﬁ H * 1 Parameter Jan 23-Sep 23 Tul 13-Sep 23
o ‘ ‘ ‘ ‘ ‘ ‘ 1 MID range 52,6629-529073  52.833.4-52.8073
52300 52400 52500 52600 52700 52800 52900 53000 E]goch (MID) 52,7880 52.788.0
Time (MJD) x~/dof 1258/ 100 193 /62
(Hz) 0.180530831¢4) 0.180530266(1)
FIG. 3.— Monitoring light curve of XTE J1810-197, showing the tran- ;511{:_']; 2 <1y _El-_g{:,jﬁcg 19 _;1-_8;;.3\ 86(1)
sient outburst beginning in 2003 (1 mCrab = 2.27 ct/s/PCR.4x 10711 o (1020 Haz &) 9000 T
erg cm?2 s1, 2-10 keV). We have subtracted from the rate an offset of 0.68 @) 1 I:-‘r‘i-I* 3 ”513
cts1 PCU™, which we ascribe to diffuse and unresolved emission in the re- "H: Pt f5_1: : Q‘_; X
gion and not accounted for by our model. Epochs of PCA dedicated pointed e :j':'_m Hz . ';"5'_'{54
observations with the source in the field of view are indicated in the top row o :_-E'_ﬁ Hz R ;—'-_gﬁ%’"
of vertical bars. The epoch of the first HRC pointing is shown separately. v (0T Hzs™) 250

The flux from theXMM-Newtonspectrum (82.4), converted to an approxi-
mate PCA flux using the PIMMS simulator, is shown as the lower circle. The
upper circle is the flux derived from the dedicated PCA scan.

Note— Errors were determined wiiff normalized to dof.

2.4. Spectrum 8; fo = 01805286 Hz é

A PCA spectrum was estimated by reanalyzing the July 18
light curves in each spectral band, this time usingGhandra
position and allowing a contribution from G11.2-0.3 (Mark-
wardt, Ibrahim,& Swank 2003). The resulting spectrum of o ]
XTE J1810-197 was clearly soft, despite large uncertainty in g \ i
the column densities for any model. For the column fixed at ~ °2%; ‘ ‘ ‘ ‘ T

Frequency — fo (uHz)

1 x 10?2 cm™ (typical for sources in the region and subse- . ..t | + tot E
quently measured to be the caseXtiyM-Newton, a power-law E ‘ y ﬂ " w »L .
fit has a photon indek = 4.7+ 0.6, with a 2-10 keV absorbed & 000+ fopt i %ﬁf *r%#
flux was5.5 x 101! ergs cmd s Additional PCA spectral ¢ " *HJ E
data requiring analysis beyond the scope of this paper will ad- 1

dress spectral evolution during the outburst and be presented 2 P p— P p— P

elsewhere. Time (MJD)

The source was observed _WltKMM'NeWton on 2003 FIG. 4.— (top) Frequency evolution and (bottom) phase residuals for PCA
September 8. Our results with EPIC PN and MOSL1 to- timing solution of XTE J1810-197.
gether confirm those reported by Tiengo & Mereghetti (2003) ) . ]
and by Gotthelf et al. (2003b) with EPIC PN. A two- Fig 4. shows the frequency evolution and phase residuals fol
component power-law plus blackbody model gave a good fit, the polynomial fit with frequency and 6 derivatives (see Table 1
with well constrained3s parameters of® = 3.75(35-4.1), for parameters). While the choice of polynomial order is some-

kT = 0.668(0657-0.678) keV, ny = 1.05(10 - 1.13) x 10?2 what arbitrary, a lower order produces significantly worse resid-
cm2, and y2 = 1.04 (v=896). The total unabsorbed flux in uals. The weighted RMS residuals are 165 ms. Reminiscent of

0.5-8.0 keV is 1.35101% erg cmi2 s~ for a source luminosity ~ the behavior of 1E 2259+586 after a bursting episode (Kaspi et
of 1.6 x 1036dfo erg s1, with dyo the distance in units of 10 al. 2003), the spin down is initially steeper, but evolves to a qui-
kpc. eter and slower rate. The weighted RMS deviation since July is

The HRC position is consistent with a point source seen Only 94 ms for a steady spin-down (i.e. 2nd order polynomial;
in archival ROSATand ASCAobservations during 1993-1999  Table 1). The mean pulse period derivativei8 x 10 ** s s*
(Bamba et al. 2003). The source was in a faint state with a over the full time span of the data, ahd5x 10* s s* for the
much softer spectrunk( ~ 0.15 keV) and unabsorbed lumi- July—September time span.

nosity 0f5.9 x 10°4d2, erg s* (see also Gotthelf et al. 2003b).  With 245 days of data, it is possible to rule out a long pe-
riod orbit (> 100 days) as entirely responsible for the frequency

2.5. Timing: Frequency History and Spin-down Rate slow down (Markwardt et al. 2003). While a phase-connected
solution is possible for an orbjfilus a spin-down, such mod-

_ Our timing analysis used a variety of PCA observations, |5 gre dominated by the spin-down component (best fit
including pointed observations dedicated to XTE J1810-197 _5 4 1018 Hz s fora mildly eccentric orbit with a period of

(Obsid 80150-06) observations of G11.2-0.3 and PSR J1811—35 days; compare to Table 1).

1925, SGR 1806-20 (Obsids 80149-02, 80150-01), plus the 14 |ook for short period orbits we made Lomb-Scargle peri-

bulge scans (Obsids 80106, 70138). The total exposure timeyqqqrams of the phase residuals obtained from subtracting th
was about 216 ks between 2003 January 23 and September 23,y nomial model. They show no significant peaks at the 95%
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confidence level. For orbital periods down to 20 minutes, the excite magnetospheric currents or dissipate in the crust, caus
peak periodogram power was 21, for a maximum orbital ampli- ing a sudden increase in the persistent flux followed by a long-
tude,aysini, of 70 It-ms. Such a limit is independently inferred lasting cooling phase.
from the high stability of the spin-down rate during the past 80  The existence of transient magnetars bears important impli-
days. This would imply a mass function 4% 10'M, /P2, Py cations for magnetars and other classes of neutron stars. |
being the binary period in days. Thus, except for orbits improb- suggests the presence of faint quiescent magnetars which hav
ably close to face-on, a companion mass would be restricted tonot been yet recognized as such. This would imply a larger
be planetary in size. population of magnetars than previously thought. Candidates
are isolated radio-quiet neutron stars in states similar to that of
3. DISCUSSION XTE J1810-197 during the inactivSCA/ROSAPhase. The

The nature of a neutron star source is principally determined identification_of such a population has the potential of testing
by the energy mechanism that powers its emission. The rota_the hypothesis of a kinship between magnetars and other classe

tional eneray loss due to the pulsar spin-déwd ~ 4 x 1053 of objects such as the compact central objects in supernova rerr
erg st, is zgtyleast 50 times IoSver thar? the iﬁlié&dﬂp un- nants (Pavlov et al. 2004) and the dim isolated neutron stars

absorbed luminosity. From § 2.8y = (2-16) x 10® ergs &, (Haberl 2003).
assumingd;p = 0.3-1. The distance to XTE J1810-197 is al-
most certainly in that range (from inferreg), and most likely We thank C. Thompson, R. Duncan, G. Pavlov for use-
~ 5 kpc (Gotthelf et al. 2003b)Ly is notably in the range of  ful dlscussmns. and S. Snowden and M. Still for help with
AXP and SGR luminosities. A binary system is unlikely since a XMM data. All is supported by NASA grants NAG5-13186 &
Doppler shift can not explain the observed frequency trend andNAG5-13740; SR, MR & VK by NSERC Discovery and Stea-
there are strong limits on the mass of any companion in a shortCie grants, Canada Research Chairs, NATEQ, CIAR & NASA;
period orbit (§ 2.5). The spectrum of the source is significantly SS-H by NSERC UFA and Discovery grants & NASA LTSA
softer than typically hard spectra of high mass X-ray binaries. NCG5-356; PMW by NASA grant NAG5-11608; and KH by
Besides, the optical and infrared magnitudes (§ 2.2; Gotthelf et Ulysseggrant under JPL Contract 958056.
al. 2003b; Israel et al. 2003) are sufficient to rule out interpret-
ing the transient X-ray source as a distant Be—star binary, while
consistent with those of AXPs and SGRs.
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1 E =1QQ, wherel is the moment of inertia of a canonical neutron star and
Q=2r/P



